In the hydrodesulfurization (HDS) of dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT), the effects of H2S on catalytic activity and selectivity were investigated under deep desulfurization conditions (sulfur concentration<0.05wt%) using a commercial Co-Mo/Al2O3 catalyst. The conversions of DBTs decreased with increasing partial pressure of H2S. The formations of both biphenyls (BPs) and cyclohexylbenzenes (CHBs) were inhibited by H2S, but the former was inhibited more significantly.
In the hydrodesulfurization (HDS) of dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT), the effects of H2S on catalytic activity and selectivity were investigated under deep desulfurization conditions (sulfur concentration<0.05wt%) using a commercial Co-Mo/Al2O3 catalyst. The conversions of DBTs decreased with increasing partial pressure of H2S. The formations of both biphenyls (BPs) and cyclohexylbenzenes (CHBs) were inhibited by H2S, but the former was inhibited more significantly.
The HDS reactions of DBTs were described using Langmuir-Hinshelwood rate equation.
Introduction
Deep desulfurization of light gas oil has become one of the urgent problems of the world today. To achieve such desulfurization, it is necessary to develop novel catalysts and further to elucidate the reaction mechanisms under deep desulfurization conditions (sulfur concentration<0.05wt%). Recently, we have reported that there are significant amounts of 4-MDBT and 4,6-DMDBT in light gas oil and that these compounds remain in light gas oil even under deep desulfurization conditions1)-4). Amorelli et al. also reported similar results for characterization of sulfur compounds in deeply hydrotreated middle distillates5)-8).
Moreover, in the HDS of light gas oil, about 3% of H2S is produced, and it can be presumed that H2S markedly retards the HDS of light gas oil. Many researchers have reported that H2S inhibited HDS reaction of DBT9)-11); however, its effect on HDS of 4,6-DMDBT is not well-known.
To achieve deep desulfurization of light oil, it has become important to elucidate the reaction mechanism and the effect of H2S on the HDS of 4,6-DMDBT under deep desulfurization conditions (S<0.05%). More recently, we have reported the results of kinetic researches on the HDS of DBT, 4-MDBT, and 4,6-DMDBT using a commercial Co-Mo/ Al2O3 Catalyst12),13).
In the present study, HDS reactions of DBT and 4,6-DMDBT were carried out using the Co-Mo/ Al2O3 catalyst, and the effects of H2S on HDS rates of DBT and 4,6-DMDBT were investigated under deep desulfurization conditions.
The difference in the formation and selectivity of CHBs and BPs from DBT and 4,6-DMDBT was estimated in a wide range of H2S concentration.
Experimental Section

Materials
Decalin used as solvent was the commercial GR grade (Kishida Chemicals). Dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) were synthesized by the methods reported in the literature14),15), Purity of DBT was >99.5% and that of 4,6-DMDBT was >92%. Hydrogen and hydrogen sulfide (0-2.0vol%) in hydrogen were obtained from Tohei Chemicals. The catalyst was a commercial Co-Mo/Al2O3 (CoO 4.0wt%; MoO3 12.0wt%) supplied by Nippon Ketjen in the 1/32 extruded form which was crushed and sieved to 0.42-0.84mm granules for this work.
Apparatus and Procedure
The HDS reaction was carried out in a high pressure fixed bed flow reactor of 8mm-i. total pressure 50atm, WHSV 70h-1, Gas/Oil 1100Nl/l, initial concentration of DBTs 0.1-0.4wt%, partial pressure of H2S 0-0.88atm. The temperature was set in the range between 200 thiophenes was <15%. When the HDS reaction reached its steady state after 3h, samples were collected from a gas-liquid separator.
Subsequently, the reaction temperature was changed and after 2h samples was collected in a similar manner.
Analysis
Samples were analyzed by gas chromatography (Shimadzu GC-9A) using a flame ionization detector and a G-column 100 (i. d. 1.2mm, film ponent was identified by comparing its retention time with that of standard compounds. As standard compounds, DBT and 4,6-DMDBT were synthesized as noted above. Biphenyl (BP), cyclohexylbenzene (CHB), and 3,3'-dimethylbiphenyl (3,3'-DMBP) were commercially available. 3,3'-dimethylcyclohexylbenzene (3,3'-DMCHB) was identified by a GC-MS (QP2000/2000A) on molecular weight from the reaction samples.
Results and Discussion
The results of hydrodesulfurization of dibenzothiophene (DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) under various conditions were used for kinetic investigation.
Langmuir-Hinshelwood kinetics has been widely reported for hydrodesulfurization of DBT16), 17) where rHDS is the rate of HDS; kHDS is the rate constant of HDS; KDBT, KH2S, and KH2 are the adsorption equilibrium constants of DBT, hydrogen sulfide and hydrogen; PDBT, PH2S, and PH2 are the partial pressures of DBT, hydrogen sulfide, and hydrogen, respectively. In order to investigate the effect of hydrogen pressure, the HDS reaction of DBT was carried out under various hydrogen pressures in the range of 10 to 70atm. Figure 1 shows the relationship between the amount of DBT converted and hydrogen pressure.
The HDS rate of DBT was approximately zero order to hydrogen pressure at above 20atm.
Therefore, HDS reactions of DBT and 4,6-DMDBT were investigated under constant total pressure of 50atm, so that a simpler kinetic equation can be obtained.
Although the addition of H2S was changed in the range of 0-2.0vol%, the HDS rate of DBT was considered to be approximately zero order to hydrogen pressure, and the hydrogen pressure term can be included in the rate constant term. Equation (1) can be simplified to Eq. (2) or Eq. (3). low concentrations of DBTs (0.1-0.4wt%) and low conversion (<15%). Therefore, the inhibition due to the H2S produced was not significant. Based on above assumptions, Eq. (3) can be simplified to Eq. (4). kHDS and KDBT were estimated from the slopes and intercepts.
For the experiments on HDS of DBTs with addition of H2S, the last term in Eq. (3) became constant, because the initial concentration of DBT or 4,6-DMDBT was constant (0.1wt%). The addition of H2S was changed in the range of 0-2.0vol% (0-0.88atm).
Figures 3a and 3b show the plot of 1/rHDS vs. PH2S for DBT and that for 4,6-DMDBT, respectively.
As shown in Figs. 3a and 3b, the linear relationships were obtained both in 1/rHDS vs. PH2S for DBT and for 4,6-DMDBT.
KH2S could be estimated from the slopes, while kHDS and KDBT calculated from Eq. (4) were used. To estimate the formation of BPs and CHBs separately, the same method was used for BPs and CHBs. Although not shown herein, linear relationships were obtained both for 1/rBPs or 1/rCHBs vs. 1/PDBTs and for 1/rBps or 1/rCHBs vs. PH2s, in which rBPs and TCHBS were the rates of formation of BPs and CHBs, respectively. Therefore, Eqs. (3) and (4) were also used to determine kBPs and kCHBs, which are the rate constants of formation for BPs and CHBs, respectively.
In the case of DBT, the products were primarily biphenyl (BP) and cyclohexylbenzene (CHB), while in the case of 4,6-DMDBT, they were 3,3'-dimethylbiphenyl (3,3'-DMBP) and 3,3'-dimethylcyclohexylbenzene (3,3'-DMCHB). Figure 4 shows the effects of partial pressure of H2S on HDS rates of DBT and 4,6-DMDBT. Both rates decreased with increasing partial pressure of H2S. As shown in Fig. 4 , the HDS rate of DBT under H2S partial pressure of 0.19atm, decreased to ca. 12% and 9% of the rates of DBT without addition Comparing Fig. 5a and Fig. 5b , the effect of H2S on the rate of formation of either CHB or 3,3'-DMCHB was nearly the same for all H2S partial pressures involved.
In the case of BP and 3,3'-DMBP, the effect of H2S on the rate of formation of either one was also nearly the same for all H2S partial pressure. Figure 6 shows reaction paths for HDS of DBT proposed by Houalla19 kcal/mol, respectively, and H2S was adsorbed on the catalyst more strongly than DBT and 4,6-DMDBT, and it inhibited the HDS of DBT and 4,6-DMDBT.
